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Three major objectives of iESM project 

•  Create a first generation integrated Earth System Model (iESM) with 
both the human components of an IAM and a physical ESM 
 

•  Develop linkages within the iESM and apply the model to improve  
our knowledge of coupled physical, ecological, and human system 
 

•  Add hydrology and water demand, allocation, and availability to IA. 



Multi-phase coupling of IAMs and ESMs / EMICs 
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Handshake	

CMIP5 



Feedback coupling of IAMs and ESMs / EMICs? 
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The integrated Earth System Model (iESM) 
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iESM links 4 models:  GCAM, GLM, CLM, & CESM 

1.  GCAM 
(Human 

Dimensions 
Elements only;  

15 ghgs, aerosols, 
SLS; 14 

geopolitical 
regions; 151 
Ecoregions) 

2. GLM 
(½ x ½ degree grid 

land-use-land-
cover.) 

ESM1 
(3. CLM &  
4. CESM) 

Fossil Fuel & Industrial Emissions (Gridded) 

Land 
Use 

LU-LC 



Two major experiments 

•  Experiment 0:  One-way coupling 
•  Scientific Question:  How much difference does land-

use emissions mitigation policy make for near-term and 
long-term climate change? 

 

Exp0:		Emissions	&	
Land	Use	

Human	
Ac=vi=es	&	

Policy	

Atmosphere	
&	Climate	



Three major experiments: Two complete 

•  Experiment 0:  One-way coupling 
•  Scientific Question:  How much difference does land-

use emissions mitigation policy make for near-term and 
long-term climate change? 

 
 

•  Experiment 1:  Two-way coupling of the land-use 
components  

•  Scientific Question:  How much difference does climate 
change make for crop yields and land use? 

Exp0:		Emissions	&	
Land	Use	

Exp1:	Terr.,		Atms	
&	Climate	

Human	
Ac=vi=es	&	

Policy	

Terrestrial,	
Atmosphere	
&	Climate	



Fossil Fuel 
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Climate  
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Ocean 
system 

Human 
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Land use and 
land cover 
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CO2 and climate change 
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iESM	Experiment	1:	
Introduce	two-way	coupling	
between	climate	systems	and	
human	systems	

6(fixed)	



GCAM	3.0	
15	ghgs,	aerosols,	
SLS;	14	geopoli=cal	

regions;	151	
Ecoregions	

GLM	
½	x	½	degree	grid	
land-use-land-cover	

CESM1	
Including	CLM4	

151	
AEZs	

½ox½o	
Land	
cover,	
wood	
harvest		

Design and Model Coupling in the iESM: Expt. 1 

Begin	the	process	of	2-way	coupling	
through	ecosystem	producDvity	
changes	from	CO2	and	climate	

Freeze	the	Emissions	Pathways	



Experiment 1: Feedback changes land allocation  
 

Thornton	et	al,	2016,	
	in	review	



Experiment 1: Feedback alters commodity prices  
and fossil fuel emissions 
 

Thornton	et	al,	2016,	
	in	review	



Experiment 1: Feedback alters global carbon cycle  
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How robust is this signal across other models 
and approaches? 

•  Motivation: 
–  We use a single climate and 

crop model, collapsing an 
important uncertainty. 

•  Approach: 
–  Stand alone GCAM experiments 

using productivity change from 
CMIP5 and AgMIP 

•  Preliminary Findings: 
–  We tend to have lower 

productivity growth than other 
climate models, but higher than 
other crop models. 

Comparison to AgMIP 

Comparison to CMIP5 
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Impacts of Translating LULCC from GCAM->CESM A. V. Di Vittorio et al.: From land use to land cover 6445

a) iESM Total Vegetation Carbon (TOTVEGC) b) iESM difference in TOTVEGC

c) iESM atmospheric CO2 (CO2) d) iESM difference in CO2

OLDLUT
NEWLUT

OLDLUT
NEWLUT

Figure 10. Comparison between iESM simulations of (a–b) vegetation carbon and (c–d) atmospheric CO2 concentration. Differences are
NEWLUT minus OLDLUT. Due to additional forest area, the NEWLUT simulation significantly increases vegetation carbon gain and
decreases atmospheric CO2 gain over the OLDLUT simulation.

for CESM because there is no other information to constrain
forest area, and may be applicable only to the RCP4.5 sce-
nario. Although this limits NEWLUT to including only two-
thirds of the total afforestation, adding more forest area to
CESM would be arbitrary without additional land cover in-
formation. Nonetheless, the increased afforestation in NEW-
LUT results in an increase in net land carbon uptake over the
OLDLUT case due to a sustained increase in average annual
land carbon uptake after 2020 (Fig. 9). As a result, the NEW-
LUT simulation increases vegetation carbon gain by 19 PgC
and decreases atmospheric CO2 gain by 7.7 ppmv from 2005
to 2040 in comparison to OLDLUT (Fig. 10). The NEWLUT
simulation also decreases soil carbon gain by about 1.5 PgC
over this period (data not shown).
Simple linear extrapolation of the iESM vegetation carbon

gain and atmospheric CO2 gain from 2005 to 2100 increases
these changes to approximately 52 PgC and 21 ppmv, and ex-
tending CESM forest area to match GCAM total afforesta-
tion could potentially increase these changes to 88 PgC and
36 ppmv in 2100. These are rough estimates that use 2005 as
a starting point to reduce the high slope associated with the
initial increase from 2015 to 2020, and also assume that ad-
ditional forest area continues to gain carbon for 60–80 years
after it is established. Regardless of the absolute accuracy
of these extrapolations, the potential gain in vegetation car-
bon alone for CESM with full afforestation is on the order of
estimates of net cumulative land use change emissions dur-
ing 1850–2000, which range from 110 to 210 PgC (Table 3
in Smith and Rothwell, 2013). For comparison, the range of
CMIP5 vegetation carbon stock gains for RCP4.5 is about
50 to 300 PgC from 2005 to 2100, with most gains being

less than 150 PgC and relatively linear (Fig. 2 in C. Jones et
al., 2013). An increase in gain of 88 PgC would dramatically
shift CESM vegetation carbon dynamics in relation to the
other ESMs. The corresponding 36 ppmv decrease in atmo-
spheric CO2 is nearly one-third of the difference between the
prescribed 2100 concentrations of the RCP4.5 (⇠ 540 ppmv)
and RCP2.6 (⇠ 420 ppmv) scenarios (Fig. 1 in C. Jones et
al., 2013). More importantly for CESM’s ability to robustly
simulate the effects of the RCP scenarios on the earth sys-
tem, the prognostic CESM atmospheric CO2 concentration
in 2100 for RCP4.5 is 610 ppmv (Keppel-Aleks et al., 2013),
and a decrease from 610 to 574 ppmv has an approximate
decrease in radiative forcing of 0.33Wm�2, which is non-
trivial with respect to the 4.5Wm�2 target. While these car-
bon cycle changes in the CESM component of iESM may
have a significant effect on climate, it is important to note
that the carbon cycle effects of afforestation in CESM are
not identical to those in GCAM or GLM because these three
models have different biogeochemistry and vegetation mod-
els. These differences in carbon cycles, however, do not ob-
viate the need for making both land cover and land use con-
sistent between IAMs and ESMs in order to best match the
prescribed radiative forcing scenario.
Different implementations of land cover and land use

among IAMs and ESMs also reduce the fidelity between
RCP scenarios and their associated effects on the earth sys-
tem. Figure 8 shows that most of the additional forest area in
NEWLUT occurs on grassland and shrubland, and that these
lands generally coincide with areas of limited potential for-
est. The OLDLUT could not add forest area where no poten-
tial forest area exists, and the rate of forest carbon accumu-
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Table 1. Summary of simulations performed.

Name Type Purpose

S1 Uncoupled CLM, 1850–2010, constant (1901–1920) climate Control for S2, S3, S4
S2 S1 + changing CO2 Single-factor experiments quantifying how CO2, N

deposition, and LUC affect potential proxy variables
S3 S1 + changing N deposition
S4 S1 + changing LUC
E1 Uncoupled CLM, constant (2005–2009) climate Equilibrium biomass simulations quantifying how ini-

tial NPP predicts final vegetation C
E2 Uncoupled CLM, constant (2090–2094) climate Equilibrium biomass simulation quantifying how

climate-driven changes in NPP predict changes in
vegetation C

M1 Idealized Monte Carlo Assess error that could be introduced to climate effects
scalars by increasing amount of LUC.

We tested potential proxy variables in two ways. First, we
ran a series of single-forcing-factor experiments in CLM,
looking at how changes in each factor affected CLM car-
bon stocks and fluxes (specifically, gross primary production;
net primary production, or NPP; heterotrophic respiration, or
HR; soil organic matter; vegetation carbon; and total ecosys-
tem carbon). The three forcing factors tested were atmo-
spheric CO2, as alleviating the CO2 constraints on leaf-level
photosynthesis may cascade up to ecosystem carbon storage
(Gedalof and Berg, 2010; Lenton and Huntingford, 2003); ni-
trogen deposition, a potentially strong constraint on the cur-
rent and future global carbon cycle (Galloway et al., 2005;
Norby et al., 2010); and LUC, which affects both immedi-
ate and long-term land–atmosphere interactions (Caspersen
et al., 2000; Pongratz et al., 2009). A “good” proxy variable
would be strongly affected by the first two, CO2 and N, but
not by LUC (as only the former two will affect equilibrium
C; see above), and would accurately reflect climate-driven
changes to equilibrium C stocks in CLM.
In simulation S1 (the control), we used 1901–1920 climate

drivers for the entire period 1850–2010 and kept atmospheric
CO2 concentration, nitrogen deposition, and land cover con-
stant at their 1850 values. In transient 1850–2010 simula-
tions S2–S4, we used the same looped 1902–1920 climate
and varied one of the three factors in each while holding the
other two factors constant (Table 1). The time-varying fac-
tors were based on transient data sets constructed to mimic
as closely as possible the historical record over the period
1850–2010, as described by Shi et al. (2013). The effect of
each individual factor was then calculated by subtracting S1
from simulations S2, S3, and S4. The CRUNCEP data used
to drive these uncoupled simulations is a combination of the
CRU TS.2.1 0.5� monthly 1901–2002 climatology (Mitchell
and Jones, 2005) and the 2.5� NCEP2 reanalysis data begin-
ning in 1948 and available in near real time (Kanamitsu et
al., 2002; Mao et al., 2012b).
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Figure 2. Response of Community Land Model outputs to changes in atmospheric CO2 669 

(simulation S2), nitrogen deposition (NDEP, simulation S3), and land-use/land cover 670 

change (LULLC, simulation S4; cf. Table 1). Outputs shown are all relative to an 1850 671 

baseline, as described in the text, and include fire emissions (Fire), terrestrial gross 672 

primary production (GPP), heterotrophic respiration (HR), net primary production (NPP), 673 

carbon in soil organic matter (SOMC), total ecosystem carbon (TotC), and total 674 

vegetation carbon (VegC). 675 
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Figure 2. Response of Community Land Model outputs to changes
in atmospheric CO2 (simulation S2), nitrogen deposition (NDEP,
simulation S3), and land use/land cover change (LULLC, simula-
tion S4; cf. Table 1). Outputs shown are all relative to an 1850 base-
line, as described in the text, and include fire emissions (Fire), ter-
restrial gross primary production (GPP), heterotrophic respiration
(HR), net primary production (NPP), carbon in soil organic matter
(SOMC), total ecosystem carbon (TotC), and total vegetation car-
bon (VegC).

Second, we examined how well NPP in particular was
related to equilibrium C stocks in CLM only (i.e., before
any coupling to GCAM). This involved two offline experi-
ments (Table 1) with a repeating 5-year climate drawn ei-
ther from the beginning (2005–2009, simulation E1) or end
(2090–2094, simulation E2) of an Representative Concen-
tration Pathways (RCP4.5) coupled simulation (Taylor et al.,
2012). We quantified how well (i) NPP in the first 5 years of
simulation E1 predicted total vegetation C in the final 5 years
and how well (ii) the change in NPP resulting from an altered
climate state (E2 minus E1) predicted the relative change in
C pools over the final years of the two simulations.
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Figure 3. GCAM model output (energy derived from bioenergy by
region of the world) in three model runs, the RCP4.5 control, a cou-
pled CLM–GCAM run using carbon stocks as a coupling mecha-
nism, and a run using the final coupling described in the text. In the
second case the model diverged sharply and unrealistically from the
RCP4.5 control because the vulnerability of C stock data to distur-
bance effects triggered a feedback loop in GCAM. The final run,
incorporating the coupling and outlier-exclusion mechanisms de-
scribed in the text, showed no such divergence. Data are frommodel
year 2065, when the second run was stopped.

Taken together, these experiments tested how well NPP
could be used to predict equilibrium C under both constant
and changing climate. The state of the terrestrial carbon sys-
tem at the beginning of these simulations reflected the distur-
bance and climate histories of the 20th century, with various
different non-equilibrium C states across different grid cells
and PFTs. Land cover was fixed at 2000 values, and we ran
the E1 and E2 simulations for 150 model years with no ad-
ditional LUC in order to allow the carbon stocks to approach
their equilibrium state. It is important to note that we did
not disable the fire algorithms in CLM. Fire significantly in-
fluences model stocks and fluxes (Li et al., 2014), and thus,
rather than converging to a single steady-state carbon stock,
PFTs influenced by fire converged to a quasi-equilibrium
characterized by periodic carbon losses due to fire followed
by periods of recovery.

2.4 Distinguishing climate from land use signals

As noted above, it is important to distinguish carbon cy-
cle changes caused by LUC from those caused by cli-
mate change. For the CLM-to-GCAM coupling, even a per-
fect proxy variable will be subject to climate and land use
changes during a CESM run, both before the run starts (i.e.,
during spinup or initialization phases) and during a model
run. For example, a cell in which a new PFT is established
immediately prior to an iESM run would have very low C
stocks and NPP in the first time step; as its vegetation re-
grows, the cell would appear, to GCAM, to be undergoing
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Figure 4. Relationship between net primary production (NPP, 2005-2009) to biomass 688 

(2090-2094) in CLM for crops, grasses, shrubs, and trees; cf. Table 2. Lines show best-689 

fit linear regressions. Results are from the E1 and E2 simulations in Table 1. 690 

 691 

  692 Figure 4.Relationship of net primary production (NPP, 2005–2009)
to biomass (2090–2094) in CLM for crops, grasses, shrubs, and
trees; cf. Table 2. Lines show best-fit linear regressions. Results are
from the E1 and E2 simulations in Table 1.

enormous productivity increases. Conversely, significant ex-
pansion of a PFT (e.g., agriculture reverting to forest) dur-
ing the iESM run might appear to have drastically low-
ered productivity, leading GCAM to redirect land away from
that PFT. Both of these cases cause problems for GCAM
because productivity drives decision-making in the model,
which bases its land use decisions on the relative inherent
profitability of using land for competing purposes (Wise and
Calvin, 2010). As a result apparent changes in productivity
produce changes in profit (as measured in US dollars) and
thus land use.
Thus in both cases, we need to exclude cells with anoma-

lously large C changes, driven by LUC, from the final nu-
meric scalars (i.e., the proxy variables signaling how much
GCAM should adjust its assumptions of equilibrium C) com-
putation. They will bias the computation of the scalars and
lead GCAM into a possible feedback loop: if the model sees
highly anomalous values, it may allocate more land to those
PFTs, resulting in higher profits and further land use change
in the region with the anomaly. (A negative feedback is also
possible; both cases occur because the changed productivity
alters the relative profitability of the different land uses, and
profit maximization is the fundamental decision-making cri-
terion in GCAM.)
To distinguish the effect of LUC (as opposed to climate

effects) on primary CO2 fluxes and land carbon pools, we
assumed that climate change will have a broad spatial dis-
tribution, either global or regional, while LUC will affect
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Water: Motivation 

(Lo et al. 2013 GRL) 

•  Irrigation in Central Valley has large influence on surface evapotranspiration 
with statistically significant remote effects on North American monsoon rainfall  



Water: Preliminary Results 

•  Enhance representation of irrigation in ALM 
–  Irrigation amount is calibrated against FAO census data 
–  Both surface and groundwater irrigation source constrained by FAO 

census data 
– Different irrigation methods adopted  

Sprinkler irrigation: water is 
applied uniformly as 
precipitation 

Flood irrigation: water is 
applied to the root zone in 
30 minutes 

Drip irrigation: Water 
required is immediately 
transpired rather than 
added to the soil column  



Water: Preliminary Results 
•  Numerical experiments with offline ALM 

Runoff Evapotranspiration Groundwater storage 

•  Irrigation increases ET and 
reduces runoff and 
groundwater storage 

•  Irrigation effects on ET are 
largely dependent on the 
irrigation methods 
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Figure 1: Schematic of the GCAM systems with links to the water system 

 
 
 

Figure 1. Schematic of the GCAM systems with links to the water
system.

2 GCAM

The Global Change Assessment Model (GCAM) has played
a central role in the United States and international assess-
ment processes since its inception (Edmonds and Reilly,
1985; Clarke et al., 2007; Kim et al., 2006; Brenkert et al.,
2003). GCAM is a dynamic-recursive model combining rep-
resentations of the global economy, the energy system, agri-
culture and land use, and climate. Exogenous inputs include
(among other variables) present and future population, labor
productivity, energy and agricultural technology characteris-
tics, and resource availabilities. In its current implementa-
tion, GCAM has the following 14 geopolitical regions: the
United States, Canada, western Europe, Japan, Australia &
New Zealand, former Soviet Union, eastern Europe, Latin
America, Africa, Middle East, China [& Asian reforming
economies], India, South Korea, and the rest of South & East
Asia. The model is calibrated to historical energy, agricul-
tural, land, and climate data through the 2005 time period,
and runs in 5-year time steps to 2095, establishing market-
clearing prices for all energy, agriculture, and land markets
such that supplies and demands of all modeled markets are
in equilibrium. GCAM traditionally includes representations
of the economic, energy, and land use systems, and uses the
Model for the Assessment of Greenhouse-gas Induced Cli-
mate Change (MAGICC) (Raper et al., 1996; Wigley and
Raper, 1992, 2002) as its reduced-form representation of
the atmosphere, ocean and climate systems. The water sys-
tem including both demand and supply are incorporated into
GCAM as shown in Fig. 1. In the current GCAM form, water
does not hold any monetary value, and when demand exceeds
the water availability, additional supply is assumed to come
from non-renewable groundwater.

3 Global Water Availability Model (GWAM)

3.1 Background

For assessment of climate impacts on water, general circula-
tion models (GCMs) and their representation of the hydro-
logic cycle are often used to provide spatially and temporally
explicit quantification of changes in the water system over
the upcoming century. The first such numerical parameteri-
zation of the hydrologic cycle within a GCM was done by
Manabe (1969). However, the initially simplistic and coarse
representation of the hydrologic cycle within a GCM re-
sulted in poor hydrologic predictive skill (Kuhl and Miller,
1992; Miller and Russell, 1992). To alleviate this short-
coming, GCMs have utilized land surface models (LSMs)
with hydrologic capabilities to improve the representation
of runoff. Oki et al. (1999, 2001) argued that current LSMs
can simulate monthly river runoff quite well, provided that
the precipitation and other climate forcing input data for the
LSMs are sufficiently accurate. However, many LSMs still
remain too coarse to capture some underlying hydrologic
processes. Thus, a group of sub-grid parameterization LSMs
have emerged (e.g., VIC (Liang et al., 1994, 1996), SIM-
TOP (Niu et al., 2005), and GBHM (Yang et al., 2001)). This
group of models generally represents the sub-grid variability
(in soil moisture storage capacity, topography, and/or vege-
tation) as a spatial probability distribution.
An alternative is the emergence of a family of global

water-balance models (WBM/WBMplus (Vörösmarty et al.,
1998, 1989), WATBAL (Kaczmarek, 1993; Yates, 1994,
1996), WaterGAP (Alcamo et al., 2003a, 1997), macroPDM
(Arnell, 1999b), IMPACT-WATER (Cai and Rosegrant,
2002), FAO’s model (Bruinsma, 2003), LPJ/LPJmL (Gerten
et al., 2004; Rost et al., 2008), GEPIC (Liu et al., 2007, 2009;
Liu and Yang, 2010), WASMOD-M (Widén-Nilsson et al.,
2007), WATERSIM (de Fraiture, 2007), H08 (Hanasaki et
al., 2008a, b), and PCR-GLOBWB (Sperna Weiland et al.,
2010) that improve the ability to simulate water availability
on a global scale from GCM climatic forcings. Those models
have evolved from a vertical water balance at the grid scale
(typically 0.5⇥ 0.5), to routing water spatially from one grid
cell to another, incorporating crop growth models, and mod-
eling global water management components (e.g., reservoir
management, human water use). However, not all such mod-
els incorporate all of these details, and they vary with regard
to temporal and spatial scale, runoff mechanism, crop growth
modeling scheme, and the representation of human systems.
In general, global water balance models compute the water
fluxes and related processes, and employ soil water balances
based on climate, land cover (cropland, pasture, natural veg-
etation) and soil information on a grid cell basis, typically
at 0.5� resolution. In several of the models that focus on
agriculture, soil moisture thresholds are set according to the
irrigation triggered. Some models, such as GEPIC, extend
further to include nutrient cycling, tillage and agronomics,
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Opportunities from further integration 

•  Immediate tests of climate impacts for future scenarios. 

•  Tool to enable “no regrets” scenario/path development. 

•  Advances in internally consistent treatment of  
water, energy, and climate in mitigation pathways. 

•  Quantification of impacts of feedbacks and interactions 
that are yet to be treated under current protocols and 
yet could be significant on mitigation timescales. 

 


